Introduction
Microsatellites, or simple sequence repeats (SSRs), are short tandem repeats of 1-6 bp nucleotides, which have increasingly been used in population genetics analysis, crop breeding, and conservation genetics. SSRs are widespread in both protein-coding and noncoding regions in plants. 1 Because of their abundance, high levels of allelic variation, and codominant inheritance characteristics, SSRs are considered to be an effective genetic marker in genetic diversity analysis, gene tagging, and conservation biology in plants. 2, 3 SSRs are generally categorized into two common groups based on their origins, genomic SSRs from genomic sequences, and expressed sequence tag (EST)-SSRs from transcribed RNA sequences.
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Next-generation sequencing (NGS) is an important tool for generating large quantities of genomic data from nonmodel organisms in a cost-effective manner. In particular, genomescale transcriptome analysis by RNA-seq enables identification of genes that have high differential expression in response to environment changes, determination of the genetic basis of critical phenotypes, and mapping genomic diversity in nonmodel organisms. RNA-seq can accelerate the development of SSR markers, which is particularly useful for genetic analysis in the nonmodel species. Nonmodel plant species that have benefited from RNA-seq based SSR marker development include Lilium, 5 buckwheat (Fagopyrum esculentum and F. tataricum), 6 and big sagebrush (Artemisia tridentata). 7 EST-SSRs have provided a direct and reliable approach for exploring the genetic diversity and evolutionary history in these species.
Veratrilla baillonii Franch (Gentianaceae) is an important Chinese medicinal herb that is distributed only in the eastern Himalayas and Hengduan Mountains of southwest China. V. baillonii has been widely used to cure liver-related diseases with a common name of "Jin Bu Huan". 8 Because of the overexploitation, the distribution and natural populations for V. baillonii have shrunk substantially in recent years. However, the effective conservation management has been hampered by the lack of genome information and effective genetic markers. In this study, we aimed to obtain a de novo transcriptome for V. baillonii via RNA-seq and develop efficient SSR markers. We assembled the resulting genome-scale expression data, generating what is, to the best of our knowledge, the first reported transcriptome sequence for V. baillonii. We screened this transcriptome for identifying 40,885 putative EST-SSR markers. We selected 151 of these SSRs for experimental testing, which validated 74 markers. Further examination demonstrated 14 SSR markers to be highly polymorphic across six distant populations. This de novo transcriptome assembly and collection of SSR markers represent a first step toward the large-scale genomic analysis of V. baillonii. These resources can be used for further studies on genetic diversity and population demographic history, and as a tool in developing conservation strategies.
Methods
Plant material. V. baillonii is an important Chinese medicinal herb and grows only in the high altitudes (3700-4600 m) of the Himalaya-Hengduan Mountains in southwest China. During July 2013, we sampled the fresh leaves of V. baillonii from Shangri-la in northwest Yunnan (28°31'0''N, 99°57'0''E, alt. 4514 m) and quickly stored in liquid nitrogen. In addition, 40 individuals from six populations were collected and kept in silica gel for DNA extraction, polymerase chain reaction (PCR) amplification, SSR marker validation, and analysis of genetic diversity. Detailed information for the plant materials was listed in Supplementary Table 1 .
rNA extraction and sequencing. Total RNA was extracted from the samples, using a CTAB procedure.
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A260/A280 ratios of the RNA samples dissolved in 10 mm Tris (pH 7.6) ranged from 1.9 to 2.1. The integrity of the RNA samples was examined with an Agilent 2100 Bioanalyzer and their RIN (RNA integrity number) values ranged from 8.6 to 10.0, with no sign of degradation. RNA from each replicate was pooled with equal volumes to obtain enough RNA for RNA-Seq.
A total of 20 µg RNA was used for RNA sequencing, and the mRNA was fragmented into small pieces using divalent cations at an elevated temperature. The cDNA library was constructed via poly-A enriched RNA method, and 200-300 bp fragments were chosen for paired-end sequencing based on Illumina protocols (San Diego, CA, USA). The double strands were synthesized with random hexamer primers. The short fragments were purified with the QIAquick PCR Purification kit (Qiagen Inc.). The purified DNA libraries were first amplified via PCR and then sequenced on Illumina HiSeq™ 2000 platform.
de novo assembly. Raw reads were first filtered by removing the adaptors and reads with eight ambiguous bases and 50% of the bases with a quality score #5 using in-house Perl scripts (available upon request). The transcriptome sequence was assembled into distinct contigs by Trinity tools 10 with default parameters. For convenience, we used those unigenes to represent the nonredundant (NR) contigs in the further analysis.
ssr locus search, primer acquisition, and validation. The unigenes were used for detecting SSR loci by MicroSAtellite (MISA, http://pgrc.ipk-gatersleben.de/misa). 11 Criteria includes a minimum of five repeats for simple motifs, and three repeats for complex or imperfect repeats, a motif length of 2-10 bp, and for compound SSRs, a maximum interruption distance of 100 bp between different SSRs. To facilitate SSR detection, only 1-6-nucleotide motifs were considered, and the minimum repeat unit was defined as 10 for mono-, 6 for di-, and 5 for tri-, tetra-, penta-, and hexanucleotides. Primer pairs of each unique SSR were designed using Primer 3.0, 12 with target microsatellites containing at least five repeats and yielding PCR products of 80-500 bp. One hundred fifty-one primer pairs were synthesized and used for validation (Supplementary Table 2 ). Screened primer pairs giving good amplification were subsequently used to characterize polymorphism among 40 individuals from six populations (Supplementary Table 1 ). PCR was performed in a 25-µL volume, containing 10-40 ng plant DNA. The PCR reactions were carried out under the following conditions: DNA initial denaturation at 94 °C for 4 minutes, 35 cycles of 94 °C for 1 minute 30 seconds, annealing temperature ranging from 45 °C to 60 °C for 50 seconds, 72 °C for 50 seconds, and a final extension at 72 °C for 7 minutes. The PCR products were purified before sequencing to remove excess primers and deoxynucleotide triphosphates using a TIAN quick Midi Purification Kit (Tiangen Biotechnology Co. Ltd.), and then, sequencing reactions were performed using ABI Prism Sequencing Ready Reaction Kit with the same primers as PCRs and analyzed on the ABI 3730 genetic analyzer (Applied Biosystems).
Functional annotation for unigenes containing ssrs. Functional annotation of SSR-containing coding sequences was conducted using the program Blast2GO. 13 All the SSRcontaining unigenes were blasted against the NCBI's NR protein database using BLASTx. The E-value threshold was set as 1e-6. The contig was assigned with gene names according to best BLASTx hits. The distributions of functional categories were plotted with the program WEGO.
14 Population genetic analyses. We used POPGEN v1.32 15 to calculate the number of alleles and expected and observed heterozygosity. Five primer pairs were selected for phylogenetic analysis using 23 individuals from four populations. We used MEGA6 16 to construct the dendrogram tree using the unweighted pair-group as implemented in the UPGMA method.
results and discussion de novo assembly. A total of 28,483,317 high-quality RNA-Seq reads passed our stringent quality assessment and filtering. We used the Trinity assembler, 10 to assemble these reads, resulting in 133,019 contigs. The length of the contigs in our assembly ranged from 201 to 13830 bp, with an average 1263 bp and median of 850 bp. The N50 value of our assembly is 2104 bp. N50 is an important measurement for quantifying assembly quality and is measured by the length of the contigs for which all contigs of that length or longer contain 50% of the bases in the assembly. The N50 for V. baillonii transcriptome assembly is much higher than those from lily 17 and Gossypium arboreum. 18 The GC-content of our assembly is 40.6% (Table 1 ). The distribution of contig sizes follows a power-law-like distribution, with the number of contigs decreasing with increasing contig length (Fig. 1) 20 The reduced number and high density of SSRs may indicate unique evolutionary history for V. baillonii.
A detailed summary of SSRs, including repeat motif and total number of different repeat motifs, is shown in Table 2 . SSRs with repeat motifs of 1-4 bp (mono-, di-, tri-, and tetranucleotides) accounted for 99.8% of the total ( Table 2 ). The frequency of SSRs decreased with the increase of motif length (mono-to hexanucleotide repeats), with mononucleotide being the dominant repeat unit. Proportions of dinucleotide and trinucleotide repeats were 16.2% and 14.7%, respectively. The combined number of tetra-, penta-, and hexanucleotide repeats accounted for 2.7% of SSRs, which was higher than in Populus trichocarpa (1.66%), M. truncatula (0.94%), O. sativa (2.54%), B. distachyon (2.45%), and A. thaliana (0.53%). 20 Of the two possible types of mononucleotide repeats, the most abundant was (A/T)n (97.1%), as in most plants, 20, 21 and the (G/C)n contributed 1.90% to total SSRs, which was higher than 0.05% in tree peony. 21 For the dinucleotide repeat category, different species have unique motif frequency distributions. For example, AG/CT repeats were more frequent in B. distachyon and O. sativa with 50.7% and 41.9% frequencies, respectively, whereas AT/AT repeats were more frequent in P. trichocarpa (60.5%) and M. truncatula (59.9%). Similar to the latter two species, AT/AT repeats in V. baillonii were most abundant, accounting for 49.0% of dinucleotide repeats. The AC/GT and AG/CT repeats were abundant in V. baillonii, accounting for 24.6% and 26.3% of dinucleotide repeats, respectively. The CG/CG repeats contributed ,0.08%, similar to P. trichocarpa, M. truncatula, and A. thaliana, suggesting that CG-rich motifs were the least preferred in dicot genomes.
Trinucleotide repeats AGC/CGT, AGG/CCT, and CCG/CGG were observed more frequently in all the monocot species, whereas A/T-rich repeats, such as AAC/GTT, AAG/ CTT, and AAT/ATT, were preferred in dicots. Similar to the results of Sonah et al. 20 , A/T-rich repeats were the dominant trinucleotide SSRs in V. baillonii. In addition, AGC/CTG repeats were abundant, accounting for 15.6%. The dominant occurrence of repeat motifs from particular sequences with certain size in plant genomes is generally caused by natural selection. However, like in tree peony, ACG/CGT and CCG/ CGG repeats were scarce, which may be because of highly mutable CpG dinucleotide repeats. The CCG repeats may also be under selection, which could be because of specific splicing pattern for the maintenance of other related tandem repeat forms. 22 The overall absence of a particular repeat motif may also indicate the presence of strong selective pressure. 22 Replication slippage is the most common mechanism for creating and/or mutating microsatellites, involving changes of motif repeats. However, the molecular mechanisms for the origin of microsatellites are still not clear. SSR loci were divided into two groups based on the size of SSR tracts and possible informative genetic markers: Class I, or hypervariable markers, consisted of SSRs $20 bp, and Class II, or potentially variable markers, consisted of SSRs $12 bp and ,20 bp. Class I microsatellites are generally highly polymorphic and more informative because of the large size and long repeats, which was first observed in human beings, 23 and subsequently confirmed by studies in a number of other organisms, including rice. 22, 24 Class II microsatellites are less variable, representing mutations that have accumulated recently because of sporadic SSR expansion. In V. baillonii, 6.8% of SSRs were categorized as Class I microsatellites and 93.2% as Class II microsatellites. The small fraction of Class I microsatellites may make it difficult to further develop efficient and polymorphic microsatellite markers in V. baillonii. The preponderance of short SSRs could reflect from the characteristics of physiology or development, or may simply be a result of genetic drift.
ssr-containing coding sequences annotation. A large number of the contigs in our assembly (28,912, 70.7%) had more than one hit in the NCBI NR database with an E-value of 1e-6. This percentage was higher than P. poissonii (65.6%) or P. wilsonii (65.1%). 19 We performed Gene Ontology (GO) annotation on unigenes containing the SSRs. The number of SSR-containing genes in each GO classification is shown in Figure 2 . A total of 11,148 contigs containing SSRs were annotated, representing 27.3% of total identified SSRs. The unigenes were annotated with the three categories: cellular component, molecular function, and biological processes. For the cellular component category, the two most common were cell and cell part. For the molecular function category, catalytic activity was abundant, followed by binding. The biological processes category, cellular process, and metabolic process were the most abundant terms (Fig. 2) . These results may give hints of function constraints in V. baillonii, and similar results were reported in other plants, such as tree peony and P. poissonii and P. wilsonii.
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Validation of ssr assays and UPGMA analysis. RNAseq is a labor-and cost-effective method to identify a large number of candidate SSRs for organisms such as V. bailloni, which are not represented in dbEST. RNA-seq for SSRs development is particularly attractive in comparison to the cost and labor-intensive process of identifying genomic SSRs. In order to validate the identified SSRs, we designed 151 pairs of SSRs primers for PCR screening in six natural populations. PCR amplification was successful for 74 of these SSRs (Supplementary Table 2 ). Microsatellites containing the (AT)n repeats represented the most abundant and polymorphic type among all markers, but we only obtained PCR products from a few of these markers, similar to rice. 25 The validated primers were subsequently used to characterize genetic polymorphism among 40 individuals from six populations (Supplementary Table 1 ). Of these, 14 were found to be polymorphic. The number of alleles per locus ranged from two to four, and the expected heterozygosity varied between 0.2637 and 0.8571, which was higher than tree peony of which observed heterozygosity C el l C el l pa rt E nv el op e E xt ra ce llu la r re gi on E xt ra ce llu la r re gi on pa rt M ac ro m ol ec ul ar co m pl ex M em br an e-en cl os ed lu m en O rg an el le O rg an el le pa rt S ym pl as t V iri on V iri on pa rt A nt io xi da nt B in di ng C at al yt ic E le ct ro n ca rr ie r E nz ym e re gu la to r M ol ec ul ar tra ns du ce r N ut rie nt re se rv oi r S tru ct ur al m ol ec ul e Tr an sc rip tio n re gu la to r Tr an sl at io n re gu la to r Tr an sp or te r A na to m ic al st ru ct ur e fo rm at io n B io lo gi ca l ad he si on B io lo gi ca l re gu la tio n C el lu la r co m po ne nt bi og en es is C el lu la r co m po ne nt or ga ni za tio n C el lu la r pr oc es ranged from 0.0000 to 0.8751 (Table 3) . Then, we identified eight distinct genotypes among 23 individuals from four populations using five primer pairs (Supplementary Table 3 ). The eight genotypes were grouped into two major clusters in the UPGMA dendrogram (Fig. 3) . Cluster I was only composed of the YN Deqin population from Mekong River. Cluster II contained five genotypes collected from YN Dali, Lijiang, and SC Jiulong populations, which generally fall into the Jinsha River region. The phylogenetic relationship is generally in agreement with the geographic locations, indicating that the river formation might play a critical role in shaping present genetic structure in V. baillonii. However, we cannot rule out the effect of past climate changes, for example, the Pleistocene glacialinterglacial climate cycles. Elucidating this will require further assessment with additional population. Plant genomes are very complex and contain large amounts of repetitive DNA, including microsatellites, which has immediate practical implications for the success of SSR marker development. The 14 SSRs identified in this study represent high-quality and polymorphic genomic loci, which will allow us to further explore the genetic diversity and genetic structure in wild populations of V. baillonii. These markers will be an important tool in characterizing the phylogeographic patterns and evolutionary history of V. baillonii and related species of Veratrilla and will help guide development of a conservation strategy for this traditional medicinal plant.
conclusions
In this study, we used RNA-seq to determine a de novo transcriptome for V. baillonii. We identified a number of
